This paper describes core-flow experiments with sandstone cores and artificial produced water. The water contained small quantities of solids in the form of ground sandstone, of oil in the form of droplets, or both solid particles and oil droplets. In the case of water with solid particles the parameters having the largest influence were particles concentration and, to a lesser extent, size. Usually a considerable decrease of the permeability of the first section of the core was observed after an amount of a few hundred pore volumes was injected. For a relatively low particle concentration, in combination with a relatively small average particle size, this decrease was less severe. Injection of water with only oil droplets eventually led to a small permeability decrease in all core sections. Also for injection of water containing both oil droplets and solid particles, the particles concentration appeared to be the most influential parameter. Here the presence of oil usually led to some additional permeability decrease.
Introduction
Oil production is often accompanied by the production of water, and as an oil field matures the oil/water ratio will have the tendency to decrease. Values of this ratio of 10 vol. % or less are not uncommon. A recent technical development is preventing that the bulk of the water arrives at the surface of the earth. In practice this means that most of the produced water, after treatment in the wellbore, will be injected in a suitable subsurface formation. This procedure may lead to permeability decrease of at least a part of the injection zone. In case this decrease is considerable, prolonged injection may become difficult or even impossible.
The starting point of the investigation was that the produced water, after subsurface treatment, will still contain some oil and that also small amounts of solids may be present. In connection with this we note that much knowledge is available on, notably, permeability decrease as a result of injection of water containing solids, but relatively little on the injection of water in which both oil and solids are present. Concerning the solid particles the assumption is that very small amounts may be produced together with water and oil. This implies that the average size of these particles is small, of the order of 10 µm, with presumably a concentration in the ppm (parts per million) range. Concerning the oil concentration we assumed a level of some hundreds of ppm, with an average droplet size in the range of, say, 10-100 µm.
The main objective of this investigation was to carry out laboratory experiments on injection of (artificial) produced water containing both oil droplets and solid particles and to evaluate the results, so that some level of understanding of the phenomena taking place under these circumstances is achieved.
Theory
A substantial part of the experiments was carried out with both oil and solids present in the water. However, to be able to compare the results of these experiments with simpler ones, also injection experiments with, on the one hand, water with only solid particles and, on the other hand, only oil droplets were carried out. Therefore this section has three parts, dealing successively with solids, oil and solids plus oil.
Injection of solids containing water.
For the injection into a porous medium of water containing solid particles, four parameters seem to be of primary importance. The first two parameters are the particle size distribution, characterized by the average particle diameter, d s , and the average diameter of the pore necks of the porous medium, d pn . The other two parameters are the particle concentration and the water velocity. Chauveteau et al. 1 where pore bridging occurs is gradually filled up with particles (the internal cake) and particle transport through this region is nearly impossible. The permeability decreases further. 4. External cake formation. The channels in the porous medium have become so narrow, that particle invasion becomes impossible. The particles remain outside the porous medium and an external filter cake is built up. The permeability of the porous medium itself remains unaltered. Roque et al. 2 give a detailed analysis of the relation between the formation of an internal and of an external filter cake. Whether this sequence of events takes place is mainly determined by the parameters mentioned above. Particle invasion followed by the build-up of an internal filter cake can only take place for a d s /d pn ratio which is, on the one hand, smaller than one but, on the other hand, not too small. According to Van Oort et al. 3 this build-up occurs for a ratio 1/7 to 1/3, provided the injection velocity is of the order of a few cm/s or more. For low velocities a ratio between 1/14 and 1/3 may be more applicable. It appears that for relatively low velocities the circumstances for particle deposition in pore bodies are more favorable than for relatively high velocities. Besides diameter ratio and injection velocity also the particles concentration will have influence on the entire process. For low concentrations the duration of the surface deposition phase will be long. Furthermore a high concentration may affect the bridging process in the sense that this will start much earlier, because the probability of particles arriving at the same time at a pore neck is much higher. Finally we mention the paper of Pang and Sharma 4 in which a relation is derived for the time (denoted as the transition time) it takes before the system switches from build-up of an internal filter cake to build-up of an external cake.
Injection of water containing oil or both oil and solids. From reservoir technology research much information is available on the simultaneous flow of oil and water in a porous medium. However, specific information on injection of water containing oil is scarce. Here we mention that Soo et al. 5, 6 carried out experiments with oil droplets dispersed in water. They found that the invasion depth of the oil was considerable. An important conclusion of their work was that oil droplets cannot contribute to a dramatic decrease in permeability.
Also literature data on the simultaneous invasion of oil and solids is limited. Zhang et al. 7 performed experiments with water containing oil (40-500 ppm) and solids (1-15 ppm). They found that permeability decline occurred in the first 10-15 mm of the core, that specifically the presence of small oil droplets led to a decrease of the permeability, and that the damage from oil and solids was larger than from only oil or only solids. Finally we mention a paper by Van den Hoek et al. 8 on oil and solids containing water which has, however, limited value for our work because it deals with water injection under fracturing conditions.
Experimental set-up and procedures
The experimental work was carried out with a set-up of which the part containing the core is sketched in Fig. 1 . The dimensions of all cores were: diameter 25 mm, length 75 mm. Artificial produced water was usually pumped through the core at a flow-rate of 4 l/h, thus at a Darcy velocity of 2.3 mm/s (a severe drawback of the set-up was, that the flow-rate could only be varied within a limited range). The pressure development in the core was monitored with the help of four pressure difference transducers (PDT's): PDT1 measuring over the first 12 mm of the core, PDT2 from 12-37 mm, PDT3 from 37-62 mm and PDT4 over the last core section. Most experiments had a duration of several hours, and were continued until about 1500-2000 pore volumes (PV) had passed the core. Through substitution of the available data (flow-rate, pressure difference, core section length, known value of the dynamic viscosity of water) into Darcy's law 9 , the permeabilities of the different core sections were calculated. The development of the permeability of the first core section, k 1 , was calculated from PDT1 data, the development of the permeability of the second core section, k 2 , from PDT2 data, etc.
Artificial produced water.
Three different types of artificial produced water must be distinguished: 1. Water containing solids was prepared as follows. Core material (see below) was thoroughly ground in a mortar and a suitable amount was added to a large volume of demineralized water. Through stirring the dispersion became homogeneous, while at the same time this stirring prevented the sinking of the solid particles. The size distribution was measured with a Malvern Particle Sizer, type 3600E, with which size distributions can be determined. This yielded values for the average size of the particles between about 10-20 µm. In some experiments lower values were desirable and these were achieved by subsequently stirring, not stirring for a specific time (e.g. 30 min.), transferring the remaining dispersion to a second vessel and resuming stirring. In this way the average size of the particles could be decreased to 3 µm. Fig. 2 gives two examples of size distributions of solid particles. Particle concentrations were mostly in the range 20-60 ppm. 2. Water containing oil was prepared in the following way.
De-mineralized water was led with a high velocity through a needle valve. In this valve oil (Shell Tivela WB, with a specific mass close to that of water) was continuously added to the water. As a result of the high degree of turbulence, the oil was dispersed in the water, yielding droplets with an average diameter between about 10 to about 100 µm (as measured with the Malvern Particle Sizer). By varying the flow-rate of the water, the average droplet diameter could be altered. After passing the needle valve, the water was led into a large vessel. To prevent droplet coalescence, the vessel was lightly stirred. The oil concentration was determined by the ratio between the flow-rates of oil and water. In the experiments oil concentrations between 50 and 300 ppm were used. 3. Water containing both oil droplets and solid particles was prepared by combining the two methods described above.
Core material. Preliminary experiments were carried out with Berea and Bentheimer sandstone, while later on only the latter type of sandstone was used. Properties of the used Bentheimer were: specific mass 2580 kg/m 3 , porosity 22.5 %, average grain size 160-170 µm (estimated by using an imaging technique) and average size of the pore necks, as derived from a cap-curve, about 23 µm. The unimpaired permeability for the different cores varied roughly between 1200 and 1700 mDarcy. Concerning the cores it is remarked that, after the coring/sawing process, these were cleaned in a sonar bath to remove saw dust accumulated in the new end and side faces of the core.
Visual set-up. The visual set-up is depicted in Fig. 3 . The influx mixture was forced to flow through a core with dimensions identical to those used in the core-flow set-up described earlier. The entrance part consisted of a transparent cell, made of synthetic material. Photographs of the entry face of the core could be taken at any moment with a reflex camera. The pressure at the entrance was measured continuously. As the end pressure was atmospheric in this set-up, the pressure development over the entire core could be calculated (the section permeabilities, k 1 , k 2 etc., could not be determined; it is noted, however, that the visual set-up was primarily meant for studying phenomena occurring at the entry face and not for the measurement of the permeability decline).
Results
Three types of core-flow experiments were carried out, viz. experiments with solid particles, experiment with oil droplets, and experiments with both solid particles and oil droplets. Finally some experiments with the visual set-up were performed. Of each type of experiment we will give one or more typical examples.
Experiments with solid particles. In Fig. 4 the result of an experiment with only solid particles in the water is presented. Characteristics of the solid particles were: concentration 60 ppm; average (d 50 ) and largest (d 95 ) particle sizes 5 and 11 µm, respectively. We see that the permeability k 1 decreases with the amount of pore volumes (PV) injected, while the other permeabilities remain practically constant. Experiments with the same particles concentration and slightly larger particles (d 95 's of 16 and 23 µm) did not yield substantially different results: in all cases k 1 decreased to 20 % of its original value (k 1,o ) after about 300-400 PV had been led through the core (note: in all experiments presented in this paper 1 PV injected corresponds with 8.3 cm 3 ). An experiment with a somewhat smaller d 95 (5 µm) and a somewhat smaller concentration (45 ppm) gave an amount of 480 PV injected for k 1 to reach a value of 0.2k 1,o . Fig. 5 gives the outcome of an experiment with particles comparable to those of Fig. 4 , but present in a lower concentration (24 ppm). We see that the decrease of k 1 is much more gradual, and a value of 0.2k 1,o is only reached after 1160 PV injected. Preliminary experiments at low solids concentrations (ppm range) confirmed that concentration increase leads to further permeability decrease.
Experiments with oil droplets. In Fig. 6 the result is shown of an injection experiment with water containing oil droplets (droplets concentration 300 ppm, a d 95 of 170 µm and a d 50 of 120 µm). While in the earlier experiments with solids only the k 1 was affected, we now see that also the permeabilities of the other core sections alter with the amount of PV injected. Furthermore it can be observed that there is some permeability decrease, but that this decrease is modest, of the order of about 20 %. Experiments were also carried out with smaller concentrations and smaller oil droplet sizes. For lower concentrations the development of the permeability decrease was more gradual, while the size of the droplets did not appear to have much influence.
Experiments with solid particles and oil droplets. In Figs. 7 and 8 the permeability declines are given for injection of water with a relatively large solids concentration (55-60 ppm) and an oil concentration of 280-300 ppm. The sizes of particles and oil droplets are different: the d 95 's of the particles were 23 and 10 µm, respectively, and those of the oil droplets 38 and 14 µm, respectively (d 50 's of particles 7 and 4 µm, respectively; d 50 's of droplets 5 and 3 µm, respectively). In the first case a value of 0.2k 1,o was reached for 270 PV injected, in the second case for 180 PV injected. Next, more or less the same experiments were carried out, but now for somewhat lower solids concentrations (22-24 ppm). The results are given in . It is noted that in the last case the amount of PV injected for which a value of 0.2k 1,o is reached is outside the measuring range, and much larger than 1500. Lastly, in Fig. 11 , we present the result of one experiment carried out at an increased flow-rate (10 instead of 4 l/h). Solids concentration and size of the largest particles (the d 95 was 10 µm, while the d 95 of the oil droplets was 48 µm) were approximately identical to those of the experiment presented in Fig. 8 . The k 1 development, however, is quite different. A value of 0.2k 1,o is already reached for 45 PV injected.
Results of experiments with the visual set-up. Three pairs of experiments were carried out with the visual set-up: (i) an experiment with relatively large solid particles (d 95 of 23 µm) at a relatively high concentration (50 ppm) followed by an identical experiment with oil droplets added to the dispersion, (ii) an experiment with smaller solid particles (d 95 of 10 µm) at a relatively high concentration (50 ppm) and the same experiment with oil droplets added, and (iii) an experiment with smaller solid particles (d 95 of 10 µm) at a lower concentration (25 ppm) followed by an identical experiment with oil droplets added. The experiments were continued until the pressure drop over the core amounted to 40 bar, indicating that a considerable permeability decrease had occurred. After the experiments an external filter cake could clearly be seen in the case of the first pair, while for the last pair only minor alterations could be observed. In Figs. 12 and 13 photographs of the second pair are shown, in which we see evidence of an external filter cake but also, locally, regions where such a filter cake seems to be absent.
Discussion
The solid particles do not have a uniform size, but sizes in a specific range (see Fig. 2 ). In the evaluation of the results this must be borne in mind. In the experiments with solids, there always were extremely small particles (of the order of a few µm) present. As the average diameter of the pore necks of the porous medium was about 20 µm, and as only the first core section showed permeability decline, the conclusion seems unavoidable that in all cases, with the start of injection, also the build-up of an internal filter cake began. When also relatively large particles were present, this build-up was accompanied by the simultaneous build-up of an external filter cake (as was observed with the visual set-up). However, the influence of the formation of this external cake was only marginal, which can be inferred from comparison of Fig. 4 with the result (not shown in this paper) of a similar experiment with also larger particles present. In our case the governing parameter is the particle concentration. Apparently the reduction of the solids concentration from 60 to 24 ppm is sufficient to greatly reduce the permeability decline. The most obvious explanation is occurrence of the pore bridging process: in the experiment of Fig. 4 this phenomenon probably plays, as a result of the relatively high concentration, a much more prominent role than in the experiment of Fig. 5 .
What seems to occur with only oil droplets present in the water is the following. When small oil droplets approach the porous medium they will, together with the water, flow into the channel system. As the porous medium (sandstone) is usually water-wet, the droplets will have the tendency to remain in the central part of the flow channels. However, this is not always possible and processes such as break-up, coalescence and trapping will occur. The end result is that a small part of the core will be permanently filled with oil, and that the presence of this oil is not limited to the first section of the core. When also larger droplets are present, it seems less likely that they immediately enter the core. However, when the water velocity is not too low, and the oil not too viscous, oil droplets are pressed to the porous medium and forced to adapt their shape in such a way that they can enter the porous medium. Once inside, the occurring phenomena will not differ much from those described above for smaller droplets. This explains the apparent lack of difference between results for large oil droplets (see Fig. 6 ) and smaller ones.
The first three injection experiments with both solid particles and oil droplets present in the water (Figs. 7, 8 and 9 ) do not yield surprising results. In all cases the permeability decline of k 1 is more marked than in the corresponding cases without oil. A simple explanation is that, from the start of an experiment, not only an internal filter cake is formed but, in addition, that the injection of oil droplets leads to a small, general decrease of the permeability (see Fig. 6 ). Thus in this view the permeability decrease of k 1 is the result of two separate, non-interacting processes: solid particles invasion and oil droplets invasion. This explanation, however, is not totally satisfactory because, when comparing e.g. Figs. 4 and 8, we see that for 400 PV injected the first section of the core is still partly open in the case of solids invasion, while it is blocked for simultaneous invasion of solids and oil. It is therefore concluded that the result of simultaneous injection of solids and oil must be larger than the two effects acting separately. This may be caused by e.g. additional trapping of solid particles at places where some oil is present.
An explanation for the result presented in Fig. 10 , which is slightly more favorable than that of Fig. 5 , is more difficult. Roughly there are three possibilities: (i) because the particles are slightly larger, the permeability reduction as a result of internal filter cake build-up is more moderate, (ii) the effect is caused by the slightly lower solids concentration, or (iii) as a result of the presence of oil at the entry face the invasion of particles is reduced somewhat. Without further research it is not possible to indicate which explanation is the more likely one.
We end this section with remarks in relation with Figs. 11, 12 and 13. It was unfortunate that our equipment was not really suited to vary the injection flow-rate, because this process parameter can have a strong influence on the permeability, as can be seen by comparing Figs. 8 and 11 . The most probable explanation for the deteriorating influence of the flow-rate is that, for increasing flow-rate, particles are given less possibilities for quiet settling in a pore body and are forced to flow through pore necks, with an increasing probability of pore bridging and, eventually, severe reduction of the effective cross-sections of the pore necks. Finally, with regard to Figs. 12 and 13, we remark that these photographs show that the build-up of an external filter cake is probably not a regular process but that, locally, considerable differences in the cake thickness can occur. Presumably this is the result of differences in the velocities occurring in the immediate vicinity of the core entry face. 
